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ABSTRACT.—The transition zone from the tropics to the subtropics in Mexico is an outstanding and
poorly explored area of biotic overlap, and as such very interesting to evaluate how species richness
patterns change in the latitudinal context. In order to assess alpha diversity patterns of ferns in this
zone, we analyzed changes in their assemblages along an elevational gradient from 300 m to 3,000 m
in the Sierra de Jua´rez, Oaxaca, and compared the results with similar studies conducted in Central
and South America. We report the most detailed plot-based elevational gradient study on ferns in the
region and provide detailed data on species abundances and elevational ranges. In 121 plots of 203
20 m, we found 195 fern species, with the highest species numbers recorded at mid-elevations
(1,100–2,200 m) and lower richness at both gradient extremes. This hump-shaped pattern was
mainly driven by epiphytes, which contributed about 40% to the total species richness and had
wider elevational ranges than terrestrial species, which contributed 38% to the total richness, and
were more or less constant at low to mid elevations about 2,500 m, followed by a gradual decline.
Overall, richness per plot was low compared to other elevational gradients within the tropics closer
to the Equator. This decline of species richness towards the subtropics and temperate regions
appears to be rather abrupt within Central America, but additional data are needed to close the
remaining gap of knowledge between Costa Rica and Mexico.
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Ferns and lycophytes (although different lineages, henceforth called ferns)
globally comprise about 11,000 species, thus being the second most diverse
group of vascular plants on Earth (Moran, 1998; PPG I, 2016). With more than
1,000 recorded species, they are well represented in Mexico, which has one of
the best-documented fern floras in the world (Mickel and Smith, 2004). The
country is considered an epicenter for species radiations in some fern groups
(principally groups specialized in seasonally dry habitats), and the states of
Oaxaca, Chiapas, and Veracruz harbor the highest species numbers in the
country (Kro¨mer et al., 2015; Mickel and Beitel, 1988; Mickel and Smith,
2004). Because fern taxonomy is well studied and non-woody life forms
contribute up to 58% of the vascular plant richness in tropical forests (Gentry
and Dodson, 1987; Linares-Palomino et al., 2009), ferns represent a valuable
group for ecological and biogeographic studies.
In this regard, elevational gradients are an interesting natural experiment,
because they include major environmental changes within short horizontal
distances, while dispersal limitation is minimized. Ferns have been widely
studied along tropical elevational gradients in recent years, and show
consistent general richness pattern at local and regional scales, with highest
richness commonly found at mid-elevations and decreasing diversity towards
both high and low elevations (Bhattarai, Vetaas, and Grytnes, 2004; Karger et
al., 2011; Kessler, 2001; Kessler et al., 2011; Kluge, Kessler, and Dunn, 2006;
Parris, Beaman, and Beaman, 1992; Salazar et al., 2013; Watkins et al., 2006).
With respect to major life-forms, this hump-shaped distributional trend in
tropical mountains is commonly driven by epiphytes, which are extraordi-
narily rich in multi-structured tree crowns within the humid cloud
condensation layer between 1,000–3,000 m (Acebey, Kro¨mer, and Kessler,
2017; Kessler, 2000; Kluge and Kessler, 2005; Kro¨mer et al., 2013; Watkins et
al., 2006).
However, how elevational fern richness changes with latitude is less well
explored, and two alternative hypotheses have been proposed. The first
assumes that richness peaks along elevational gradients gradually shift
towards lower elevations with increasing distance from the Equator in parallel
with decreasing temperatures. Thus, Kessler et al. (2011) showed that the
maximum richness of ferns along elevational gradients in tropical wet
environments is situated at around 15–178C mean annual temperature, and
this level should be found at lower elevations at higher latitudes. Alternative-
ly, when comparing various fern transects from Bolivia to Mexico, Salazar et
al. (2013) found that overall elevational richness is strikingly constant between
Costa Rica and northern Bolivia. The major shift towards lower species
richness was found at the transition from tropical to subtropical climates.
However, this decline was not linked to a downward shift in the elevation of
the richness peak, but rather reflected a general decline of species richness, as
also found by Kro¨mer et al. (2013), Acebey, Kro¨mer, and Kessler (2017), and
Carvajal-Herna´ndez et al. (2017) in the regions of Los Tuxtlas and central
Veracruz, in the southeast of Mexico. Apart from these publications, no other
suitable transects have been studied thus far to allow a fine-scale assessment of
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the change of species richness patterns at the Mexican transition zone (MTZ,
sensu Halffter and Morrone, 2017) between tropical and subtropical climates.
In the present study, we attempt to close a gap in our knowledge about
elevational species richness patterns of ferns starting with the analysis of an
extensive elevational gradient in the Sierra de Jua´rez, Oaxaca, inside the MTZ
by presenting plot-based species richness data together with an annotated
species list with detailed information on abundance and life form assignments.
Specifically, we ask the following questions:
1. How does local species richness of ferns change with elevation?
2. Is the elevational pattern of species richness and ranges different between
both major life forms (terrestrials and epiphytes)?
3. Is the total and maximum species richness significantly lower in magnitude
and elevation compared to other studies performed in Central and South
America?
METHODS
Study area.—The study area was located in southeastern Mexico in the
Sierra de Jua´rez (also called Sierra Norte), Oaxaca, and the majority of the
localities belong to the Chinantla region (Fig. 1, additional plot information in
FIG. 1. Study area in the Sierra de Jua´rez, Oaxaca, Mexico, showing the locations of the sampling
sites (dots).
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Appendix 1). The Sierra de Jua´rez has been declared a Priority Terrestrial
Region due to its species and ecosystem richness (Arriaga et al., 2000), and
thus is an important area for conservation. The eastern slope of the Sierra de
Jua´rez hosts a very rich and one of the most distinctive floras in Mexico (Meave
et al., 2017) and represents the northernmost location within the Neotropics,
where a large and well-preserved elevational gradient of humid tropical forest
still remains (Boyle, 1996). There is an abrupt elevational increase in this area
in less than 30 km from Valle Nacional (ca. 65 m) to the top of Humo Chico
Mountain (ca. 3,200 m; Meave, Rinco´n, and Romero-Romero, 2006), called
the—fern hunter‘s paradise by John Mickel (1965) during fieldwork to prepare
the first treatment about ferns from Oaxaca (Mickel and Beitel 1988). Given the
extensive deforestation elsewhere in Mexico (Rosete-Verge´s et al., 2014), the
presence of this gradient of humid montane forest in Oaxaca is remarkable
(Rzedowski and Palacios-Cha´vez, 1977). Despite a generally good conservation
status above 1,000 m, human activities are leaving an important footprint in
the lower parts of the area (Meave et al., 2017). In addition, the Sierra is
periodically impacted by strong winds from the Gulf coast (.80 km/h), which
disturb the forest structure (Alfonso-Corrado et al., 2017). There are few
general studies on vegetation along the whole gradient in the Sierra de Jua´rez
(Boyle, 1996; Meave, Rinco´n, and Romero-Romero, 2006; Rzedowski and
Cha´vez, 1977; Rinco´n-Gutierrez, 2007). However, a recently published
extensive floristic survey in the region reported 130 fern species along an
elevational range from 250–3,020 m (Meave et al., 2017). Forest zonation (with
variation) begins in the lowlands with tropical rain forest from 300–1,000 m,
followed by a transitional forest zone from 1,100–1,300 m, and cloud forest at
1,400–2,000 m (sometimes to 2,500 or more). Within the cloud forest belt, there
are areas of forest dominated by Oreomunnea mexicana. Above 2,500 m there
is Quercus forest and above 3,000 m elfin forest forms the treeline ecotone at
around 3,100 m.
Climate.—La Chinantla is considered a hyperhumid region in Mexico
(Meave, Rinco´n, and Romero-Romero, 2006, Meave et al., 2017), but there are
few climatic records for localities in the Sierra de Jua´rez. The climate at the
lowest elevation is hot (.228C) changing to a warm climate (18–228C) higher
up, and temperate at higher elevations (5–12 8C) (Meave, Rinco´n, and Romero-
Romero, 2006). Mean annual precipitation is around 3,590 mm at the lower
part of the gradient (Valle Nacional), 5,800 mm in the middle (La Esperanza),
and 3,240 mm at the upper part at the locality of Humo Chico (Meave, Rinco´n,
and Romero-Romero, 2006). Due to the scarcity of meteorological records in
the study area, we extracted ecologically important temperature and
precipitation data (Fig. 2) from the global climate dataset CHELSA (Karger et
al., 2017).
Fern sampling.—A total of 121 plots were inventoried at 15 sites along an
elevational gradient between 300 m and 3,000 m at elevational intervals of
200–400 m (Appendix 1). At each elevation, eight plots of 20 3 20 m were
sampled with a consistent, standardized methodology (Karger et al., 2014;
Kessler and Bach, 1999). The plots were established in natural zonal forest,
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avoiding special structural features like canopy gaps, ridges, ravines, riparian
areas, treefall gaps, landslides, and other disturbed areas whenever possible. In
each plot, all fern species and their abundances were recorded for terrestrials
(growing on soil, rocks, and dead wood) and epiphytes. In most cases, the
abundance (i.e., number of individuals of a species) is easy to assess,
exceptions are only small species with distant fronds on long creeping and
interwoven rhizomes (e.g., Hymenophyllaceae). Because in these cases exact
numbers of individuals can only be obtained by destructive sampling, we
treated a species patch as one individual in order not to overestimate the
abundance of these species. Epiphytes were sampled up to heights of eight m,
with trimming poles and recorded using binoculars at greater heights, by
climbing lower parts of trees, and by searching recently fallen trees and
branches within and adjacent to the plots (Gradstein et al., 2003).
Samples of all fern species were collected and deposited in the University
Herbarium, University of California (UC) in Berkeley, USA, herbarium XAL of
the Instituto de Ecologı´a, A. C. (Xalapa, Veracruz, Mexico) and herbarium
MEXU of the Universidad Auto´noma de Me´xico (Mexico City, Mexico).
Collections were identified by the first author and Alan R. Smith (UC).
Taxonomy primarily followed Mickel and Smith (2004) and the current
classification for lycophytes and ferns established by the Pteridophyte
Phylogeny Group (PPG I, 2016) and Hassler (2018).
Data analysis.—We assessed plot-based alpha-diversity for all species and
separately for the two major lifeforms (terrestrials and epiphytes) and
described their trends by locally weighted regressions (LOWESS). In order to
assess whether the elevational ranges of terrestrials and epiphytes were
different, we used a Wilcoxon signed-rank test. We considered a species as
belonging to both life forms when more than 20% of the total number of
individuals occurred in each life form. The frequencies of these three
categories of life forms were compared with an analysis of variance (ANOVA)
FIG. 2. Elevational trends of (a) mean annual temperature and (b) precipitation. Data derived from
the CHELSA data set (Karger et al., 2017) for each plot of the elevational transect in the Sierra de
Jua´rez, Oaxaca, Mexico. Trend lines were set with locally weighted regressions (LOWESS).
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and a Tukey post-hoc test (P, 0.001). We compared species richness per plot
of our gradient with other similar transects from Bolivia, Ecuador, Costa Rica,
and Mexico based on Kessler (2000, 2001), Kluge and Kessler (2005), Kro¨mer et
al. (2013), Salazar et al. (2013), and Carvajal-Herna´ndez et al. (2017). To test
the differences in mean plot richness of all transects, we used an analysis of
variance and a Tukey post-hoc test (P, 0.001). Because the general objective of
this work and the general richness pattern was not altered, we included
atypical data from the site at 2,500 m located on the other side of the mountain
chain (leeward), which was excluded only in the comparison between
transects. All data analyses were conducted in the statistical package R (R
Core Team, 2016.
RESULTS
In the 121 plots, we recorded 195 species of ferns and lycophytes belonging
to 60 genera and 21 families, including two new records for Oaxaca State,
Ctenitis salvinii and Phlegmariurus capillaris, as well as one species recently
described as new to science (Ceradenia sacksii; Sundue, 2017) (TABLE 1). The
most species-rich genera were Elaphoglossum (20 species), Asplenium (18),
and Pleopeltis and Hymenophyllum (12 each). The most species-rich families
were Polypodiaceae (49), Dryopteridaceae (35) and Hymenophyllaceae (25).
Fern species richness followed a hump-shaped elevational pattern with
highest species numbers per plot at mid-elevations between 1,500 and 2,100 m
and a marked decline towards both low and high elevations (Fig. 3). The
FIG. 3. Richness patterns of ferns (number of species per plot) along the elevational gradient in
Sierra de Jua´rez, Oaxaca, Mexico. Values are given for all species (dots, continuous line), and
separately for terrestrials (downwards-pointing triangles, short-dashed lines) and epiphytes
(upwards-pointing triangles, long-dashed lines). Trend lines were set with locally weighted
regressions (LOWESS).
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TABLE 1. Species list of lycophytes and ferns recorded along the elevational gradient in the Sierra
de Jua´rez, Oaxaca, Mexico. Data are presented with the minimum (Min) and maximum (Max)
observed elevational distribution, frequency of the species (F; the number of plots in which the
species was recorded), the mean number of individuals per plot (N), and substrate including the
life form: t: terrestrial, he: hemiepiphytic, e: for epiphytes comprising the Johansson (1974)
zonation in which the epiphytes occurred (from zone 1 to zone 5), dw: dead wood, and r: rocks.
Species marked with n are new records for Oaxaca and with * were found outside or close to the
investigated plots.
Taxa Min Max. N F Life form
Lycopodiaceae
nPhlegmariurus capillaris (Sodiro) B.
Øllg.
2100 2100 1.00 1 e4
*Phlegmariurus cuernavacensis (Underw.
& F.E. Lloyd) B. Øllg.
2800 2800 1.00 1 e4
Phlegmariurus dichotomus (Jacq.)
W.H.Wagner
500 500 1.00 2 e4
Phlegmariurus linifolius (L.) B.Øllg. 1000 2200 1.67 6 e1, e2, e3, e4
Phlegmariurus myrsinites (Lam.) B. Øllg. 2000 2100 1.33 3 e2, e3
Phlegmariurus pringlei (Underw. & F.E.
Lloyd) B. Øllg.
1500 2200 4.00 4 e1, e2, e3, e4
Phlegmariurus taxifolius (Sw.) A´. Lo¨ve &
D. Lo¨ve
600 2000 1.89 9 (r), e2, e3, e4, e5
Phlegmariurus wilsonii (Underw. &
F.E.Lloyd) B.Øllg.
1500 1500 1.00 1 e3
Selaginellaceae
Selaginella aff. subrugosa Mickel & Beitel 1800 1800 3.20 5 t
Selaginella flexuosa Spring 1000 2100 10.83 6 t, dw
Selaginella mosorongensis Hieron. 300 600 16.11 19 t, dw, r
Selaginella oaxacana Spring (GCI) 1300 1500 27.88 8 t
Selaginella subrugosa Mickel & Beitel 1300 1300 4.00 3 t
Selaginella sp. 600 600 7.50 2 r
Aspleniaceae
Asplenium abscissum Willd. 500 600 13.67 3 (t), r, e1, e2, e3, e4
Asplenium auriculatum Sw. 1500 1500 11.00 2 dw, e1, e2, e3, e4
Asplenium cirrhatum Rich. ex Willd. 1300 2100 44.17 6 t, dw, r, e1, e2
Asplenium cristatum Lam. 500 500 1.00 1 rc
Asplenium cuspidatum Lam. 500 1800 41.63 8 (t), dw, r, e1, e2, e3, e4
Asplenium fragrans Sw. 1500 2700 14.00 6 dw, r, e1, e2, e3
Asplenium hallbergii Mickel & Beitel 2900 2900 94.00 2 r, e1
Asplenium harpeodes Kunze 2100 2100 7.00 1 e2
Asplenium miradorense Liebm. 1500 2100 9.75 4 t, dw, r, e1, e2
Asplenium monanthes L. 2500 2700 1.80 5 t, r, e1
Asplenium polyphyllum Bertol. 2700 2700 2.00 1 e2
Asplenium pteropus Kaulf. 1000 1000 2.00 1 e2
Asplenium salicifolium L. 500 500 1.50 2 e3
Asplenium radicans L. 1800 1800 1.00 2 t, e1
Asplenium serratum L. 300 600 52.53 15 (t), dw, r, e2, e3
Asplenium uniseriale Raddi 1300 1300 5.50 2 t
Asplenium sp.(cf. A. uniseriale Raddi) 2100 2100 1.00 1 t
Hymenasplenium riparium (Liebm.) L.
Regalado & Prada
1000 1300 5.75 4 t, e2, e3, e4
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TABLE 1. Continued.
Taxa Min Max. N F Life form
Athyriaceae
Diplazium diplazioides (Klotzsch &
H.Karst.) Alston
1000 2100 7.50 8 t
Diplazium franconis Liebm. 2100 2100 3.00 2 t
Diplazium lonchophyllum Kunze 600 600 3.00 3 t
Diplazium plantaginifolium (L.) Urb. 600 600 14.00 2 t
Diplazium striatum (L.) C. Presl 1000 1000 5.00 1 t
Diplazium ternatum Liebm. 1000 2100 12.10 20 t, (e1)
Blechnaceae
Austroblechnum wardiae (Mickel &
Beitel) Gasper & V.A.O.Dittrich
2100 2100 1.00 1 t
Lomaridium ensiforme (Liebm.) Gasper &
V.A.O.Dittrich
1500 2200 4.63 8 t, (e1), (e2)
Lomaridium fragile (Liebm.) Gasper &
V.A.O. Dittrich
1500 2000 2.75 4 (t), e1, e2, e3
Parablechnum falciforme (Liebm.) Gasper
& Salino
1800 2200 5.00 8 t, (e1)
Cyatheaceae
Cyathea aristata Domin 1500 1500 2.50 2 t
Cyathea divergens Kunze 1500 1500 4.00 1 t
Cyathea firma (Bak.) Domin 1500 1500 3.50 2 t
Cyathea fulva (M. Martens & Galeotti)
Fe´e
1500 2200 3.12 26 t, (e1)
Cyathea liebmannii Domin 1000 1000 20.00 1 t
Cyathea myosuroides (Liebm.) Domin 1000 1000 9.00 1 t, (e1), (e3)
Cyathea salvinii (Hook.) Domin 1500 2000 8.25 4 t
Cyathea schiedeana Domin 1000 1500 14.00 17 t
Sphaeropteris horrida (Liebm.) R.M.
Tryon
1000 1000 2.00 1 t
Cyathea sp. 2100 2100 3.00 1 t
Dennstaedtiaceae
Histiopteris incisa (Thunb.) J. Sm. 2000 2000 2.00 1 t
Hypolepis nigrescens Hook. 1000 1000 2.00 1 t




2100 2200 3.75 4 t
Dryopteridaceae
Arachniodes denticulata (Sw.) Ching 1300 2200 32.94 36 t, dw, r, (e1)
Bolbitis portoricensis (Spreng.)
Hennipman
500 500 18.00 1 t
Ctenitis sp. (cf. C. excelsa (Desv.) Proctor) 300 1300 3.86 7 t, r
Ctenitis hemsleyana (Baker ex Hemsl.)
Copel.
2000 2200 9.00 6 t, e1
Ctenitis melanosticta (Kunze) Copel. 500 500 7.60 5 t, r
Ctenitis nigrovenia (Christ) Copel. 300 300 6.00 4 t
nCtenitis salvinii (Baker) Stolze 600 600 5.50 2 t, r
Dryopteris nubigena Maxon & C.V.
Morton
2800 3000 5.25 4 r, (e1)
Dryopteris wallichiana (Spreng.) Hyl. 2700 3000 32.88 16 t, r
Elaphoglossum affine (M.Martens &
Galeotti) T. Moore
2800 2900 27.80 5 t, r, e1
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TABLE 1. Continued.
Taxa Min Max. N F Life form
Elaphoglossum alan-smithii Mickel 2100 2200 6.25 4 e1, e2, e3, e4, e5
Elaphoglossum dissitifrons Mickel 2000 2900 11.71 17 t, e1, e2, e3, e4, e5
Elaphoglossum glabellum J.Sm. 1000 1000 1.00 1 e1
Elaphoglossum glaucum T. Moore 1800 3000 13.41 22 t, r, e1, e2, e3, e4
Elaphoglossum sp. (cf. E. glaucum T.
Moore)
2100 2200 23.00 2 e1, e2, e3, e4
Elaphoglossum guatemalense (Klotzsch)
T. Moore
1000 2000 7.43 21 t, dw, e1, e2, e3, e4, e5
Elaphoglossum leonardii Mickel 2800 2800 34.00 2 r
Elaphoglossum lonchophyllum (Fe´e) T.
Moore
1500 2100 10.33 3 e1, e2, e3
Elaphoglossum muscosum (Sw.) T.
Moore
1500 1500 1.00 1 e2
Elaphoglossum paleaceum (Hook. &
Grev.) Sledge
2100 2200 6.64 11 e1, e2, e3, e4, e5
Elaphoglossum parduei Mickel 2000 2000 5.80 5 e1, e2, e3
Elaphoglossum peltatum (Sw.) Urb. 1500 2200 18.25 24 t, dw, rc, e1, e2, e3, e4, e5
Elaphoglossum petiolatum (Sw.) Urb. 2900 2900 1.00 2 e1, e2, e3, e4
Elaphoglossum pringlei (Davenp.) C.Chr. 2500 2500 8.33 3 t, dw, r
Elaphoglossum sartorii (Liebm.) Mickel 600 2200 22.17 35 t, dw, r, e1, e2, e3, e4
Elaphoglossum seminudum Mickel 2200 2200 80.25 4 t, e1
Elaphoglossum squamipes (Hook.) T.
Moore
2700 2900 4.00 3 (t), dw, r, e1, e2
Elaphoglossum tenuifolium (Liebm.) T.
Moore
2800 2900 7.80 5 t, r
Elaphoglossum vestitum (Schltdl. &
Cham.) Schott
600 2100 17.57 37 e1, e2, e3, e4, e5
Elaphoglossum sp. 1000 1000 2.00 1 e2
Lastreopsis effusa (Sw.) Tindale 600 600 2.00 1 t, r
Megalastrum mexicanum R.C. Moran & J.
Prado
600 600 13.25 4 t
Polystichum hartwegii (Klotzsch) Hieron 1800 2700 7.50 8 t
Polystichum mickelii A.R. Sm. 1300 1300 2.33 3 t, r
Stigmatopteris longicaudata C. Chr. 1500 1500 63.33 3 t
Gleicheniaceae
Diplopterygium bancroftii (Hook.) A.R.
Sm.
1800 1800 2.00 1 t
Hymenophyllaceae
Abrodictyum rigidum (Sw.) Ebihara &
Dubuisson
1000 1800 26.73 11 t, r
Didymoglossum hymenoides (Hedw.)
Copel.
1300 1300 2.50 2 e1, e2
Didymoglossum kraussii (Hook. & Grev.)
C. Presl
300 500 3.33 9 dw, e1, e3
Didymoglossum ovale E. Fourn. 500 500 3.00 1 r, e1
Didymoglossum reptans (Sw.) C. Presl 1500 2100 10.00 12 t, dw, r, e1, e2, e3
Hymenophyllum asplenioides Sw. 1500 2200 4.88 8 (t), e1, e2
* Hymenophyllum brevistipes Liebm. 1200 1200 1.00 1 e2
Hymenophyllum ectocarpon Fe´e 1800 3000 10.73 40 t, dw, r, e1, e2, e3
Hymenophyllum fragile (Hedw.) C.V.
Morton
2100 2200 7.88 8 t, dw, r, e1, e2
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TABLE 1. Continued.
Taxa Min Max. N F Life form
Hymenophyllum fucoides Sw. 2100 2200 11.88 8 t, e1, e2
Hymenophyllum hirsutum (L.) Sw. 1000 1500 3.33 3 e1, e2, e3
Hymenophyllum lanatum Fe´e 1500 2200 2.15 13 (t), e1, e2, e3
Hymenophyllum myriocarpum Hook. 2000 2900 18.95 20 t, dw, e1, e2, e3, e4
Hymenophyllum polyanthos (Sw.) Sw. 1000 2000 3.75 16 t, dw, r, e1, e2, e3
Hymenophyllum tegularis (Desv.) Proctor
& Lourteig
2800 2800 4.00 1 r
Hymenophyllum trapezoidale Liebm. 1500 2200 9.21 14 t, r, e1, e2, e3
Hymenophyllum tunbrigense Sm. 3000 3000 13.00 1 t, dw, e1
Hymenophyllum undulatum (Sw.) Sw. 1500 1800 5.40 5 e1, e2, e3
Polyphlebium capillaceum (L.) Ebihara &
Dubuisson
1000 2100 2.80 5 dw, e1, e2
Polyphlebium hymenophylloides (Bosch)
Ebihara & Dubuisson
1800 2200 2.86 7 t, dw, e1, e2
Polyphlebium pyxidiferum (L.) Ebihara &
Dubuisson
500 1500 1.50 4 r, e1, e2, e4
Trichomanes lucens Sw. 1800 2000 1.00 2 t
Trichomanes polypodioides L. 1000 1500 43.00 3 t, e2
Trichomanes crispum L. 1300 1300 3.00 1 e1
Vandenboschia collariata (Bosch) Ebihara
& K. Iwats.
600 600 3.67 3 r, e1
Vandenboschia radicans (Sw.) Copel. 1300 1500 6.20 5 t, dw, r, e1, e2
Lindsaeaceae
Lindsaea arcuata Kunze 1000 1500 4.08 13 t
Lindsaea lancea Christ 1000 1000 1.00 1 t
Lomariopsidaceae
Lomariopsis mexicana Holttum 1300 1300 2.00 1 t, he,(e1),( e2)
Lomariopsis recurvata Fe´e 300 600 4.64 11 t, he, (r),(e1), (e2), (e3)
Lygodiaceae
Lygodium heterodoxum Kunze 300 300 1.50 2 t, he, (e1)
Marattiaceae
Danaea moritziana C. Presl 1000 1300 7.50 4 t
Marattia excavata Underw. 1500 1500 1.00 3 t
Marattia weinmanniifolia Liebm. 2100 2100 2.00 4 t
Plagiogyriaceae
Plagiogyria pectinata (Liebm.) Lellinger 2800 3000 34.50 12 t, (e2)
Polypodiaceae
Alansmia cultrata (Willd.) Moguel & M.
Kessler
1800 2900 19.64 14 r, e1, e2, e3
Campyloneurum xalapense Fe´e 600 1500 10.22 18 t, dw, e1, e2, e3, e4, e5
Campyloneurum amphostenon (Kunze ex
Klotzsch) Fe´e
2100 2900 2.75 4 e2
Campyloneurum angustifolium (Sw.) Fe´e 300 1000 5.73 22 t, e1, e2, e3, e4, e5
Ceradenia oidiophora (Mickel & Beitel)
A.R. Sm.
2100 2100 2.00 2 e1, e2
nCeradenia sacksii Sundue 2800 2800 20.00 2 r
Cochlidium linearifolium Maxon ex C.
Chr.
1000 3000 37.11 37 e1, e2, e3, e4, e5
Galactodenia delicatula (M.Martens &
Galeotti) Sundue & Labiak
2000 3000 5.77 22 e1, e2, e3, e4
Melpomene leptostoma (Fe´e) A.R. Sm. &
R.C. Moran
1500 2200 7.25 24 e1, e2, e3, e4, e5
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TABLE 1. Continued.
Taxa Min Max. N F Life form
Melpomene moniliformis (Lag. ex Sw.)
A.R. Sm. & R.C.Moran
2800 2900 63.73 11 t, dw, r, e1, e2, (e4)
Melpomene pilosissima (M.Martens &
Galeotti) A.R.Sm. & R.C. Moran
2800 2800 5.00 1 e2
Melpomene xiphopteroides (Liebm.) A.R.
Sm. & R.C.Moran
1000 2000 3.20 5 e1, e2, e3, e5
*Moranopteris basiattenuata (Jenman)
R.Y. Hirai & J.Prado
2400 2400 1.00 1 e1
Moranopteris trichomanoides (Sw.) R.Y.
Hirai & J.Prado
1800 1800 2.00 1 e2
*Mycopteris semihirsuta (Klotzsch)
Sundue
2400 2400 1.00 1 e1
Niphidium crassifolium (L.) Lellinger 300 1300 3.47 17 t, e1, e2, e3, e4
Pecluma longepinnulata (E. Fourn.) F.C.
Assis & Salino
1300 2100 10.53 15 t, dw, r, e1, e2, e3, e4
Pecluma atra (A.M.Evans) M.G. Price 300 300 4.33 3 r, e2, e3
Pecluma consimilis (Mett.) M.G. Price 500 600 5.20 5 t, dw, r, e1, e2, e3, e4
Pecluma dispersa (A.M.Evans) M.G. Price 500 500 2.00 1 e1
Pecluma divaricata (E.Fourn.) Mickel &
Beitel
500 500 7.00 2 e2, e3
Pecluma hartwegiana (Hook.) F.C. Assis
& Salino
2700 3000 78.24 25 dw, r, e1, e2, e3, e4, e5
Pecluma rhachipterygia (Liebm.) F.C.
Assis & Salino
600 1300 8.00 8 t, rc, e1, e2
Pecluma sursumcurrens (Copel.) M.G.
Price
500 500 1.00 1 dw, e1, e2, e3, e4, e5
Phlebodium areolatum (Humb. & Bonpl.
ex Willd.) J. Sm.
300 2200 3.16 25 t, e1, e2, e3, e4, e5
Pleopeltis alansmithii (R.C. Moran) A.R.
Sm. & Tejero
2100 3000 33.25 32 (t), dw, r, e1, e2, e3, e4, e5
Pleopeltis angusta Humb. & Bonpl. ex
Willd.
600 1800 3.25 8 e1, e2, e3, e4
Pleopeltis astrolepis (Liebm.) E. Fourn. 300 600 1.60 5 e3, e4
Pleopeltis conzattii (Weath.) R.M. Tryon
& A.F. Tryon
2500 2500 1.00 1 t
Pleopeltis crassinervata T. Moore 600 2200 7.18 17 e1, e2, e3, e4, e5
Pleopeltis fallax (Schltdl. & Cham.)
Mickel & Beitel
500 600 1.67 3 t, dw, e1, e2, e3
Pleopeltis furfuracea (Schltdl. & Cham.)
A.R. Sm. & Tejero
500 600 6.25 4 t, e2, e3, e4
Pleopeltis madrensis (J.Sm.) A.R. Sm. &
Tejero
2500 2500 4.00 2 e1, e2, e3
Pleopeltis mexicana (Fe´e) Mickel & Beitel 1000 3000 34.68 34 t, r, e1, e2, e3, e4, e5
Pleopeltis muenchii (Christ) L.D. Go´mez 2700 3000 56.15 26 t, dw, r, e1, e2, e3, e4, e5
Pleopeltis plebeia (Schltdl. & Cham.) A.R.
Sm. & Tejero
1000 3000 18.06 32 t, r, e1, e2, e3, e4, e5
Pleopeltis polypodioides (L.) E.G.
Andrews & Windham
300 1500 8.00 14 t, e1, e3, e4
Pleopeltis pyrrholepis (Fe´e) A.R. Sm. &
Tejero
300 1000 5.10 10 e1, e2, e3, e4, e5
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Taxa Min Max. N F Life form
Polypodium echinolepis Fe´e 1300 1500 5.18 11 e1, e2, e3, e4, e5
Polypodium martensii Mett. 2500 2900 34.86 21 (t), e1, e2, e3, e4, e5
Polypodium plesiosorum Kunze 600 600 4.50 2 e2, e4, e5
Polypodium pleurosorum Kunze ex Mett. 1800 2200 9.88 24 t, e1, e2, e3, e4, e5
Polypodium puberulum Schltdl. & Cham. 2000 2200 5.69 16 e1, e2, e3, e4, e5
Polypodium rhodopleuron Kunze 2100 2100 1.50 2 t, e1, e2, e3, e4, e5
Polypodium subpetiolatum Hook. 2700 2700 4.00 2 e1
Polypodium sp. 1000 1000 3.00 1 e1
Serpocaulon falcaria (Kunze) A.R. Sm. 1500 2700 23.39 28 t, r, e1, e2, e3, e4
Serpocaulon triseriale (Sw.) A.R. Sm. 300 1000 3.63 8 t, dw, e1, e2, e3, e4, e5
Stenogrammitis delitescens (Maxon)
Labiak
2200 2200 8.00 1 e2
Stenogrammitis hellwigii (Mickel &
Beitel) Labiak
2800 3000 21.13 15 r, e1, e2
Stenogrammitis prionodes (Mickel &
Beitel) Labiak
1500 2200 9.33 18 e1, e2, e3, e4, e5
*Terpsichore aspleniifolia (L.) A. R. Sm. 2400 2400 1 1 r
Pteridaceae
Adiantum poiretii Wikstr. 2500 2500 7.00 2 t, e1
Adiantum pulverulentum L. 300 600 7.35 17 t
Adiantum tenerum Sw. 500 500 2.00 1 t
Adiantum trapeziforme L. 500 500 8.00 1 t
Ananthacorus angustifolius (Sw.)
Underw. & Maxon
500 500 3.50 2 e3
Antrophyum ensiforme Hk.in Benth. 1000 2100 6.36 11 e1, e2, e3, e4
*Gaga chaerophylla (M. Martens &
Galeotti) F. W. Li & Windham
1800 1800 1.00 1 t
Jamesonia hirta (Kunth) Christenh 2000 2000 1.00 1 t
Polytaenium chlorosporum (Mickel &
Beitel) E.H.Crane
500 1300 2.40 5 e1
Polytaenium feei (W.Schaffn. ex Fe´e)
Maxon
500 600 11.40 5 (t), dw, r, e1, e2, e3
Pteris altissima Poir. 300 600 3.00 4 t, dw
Vittaria bradeorum Rosenst. 1500 2200 2.82 11 dw, e1, e2
Vittaria flavicosta Mickel & Beitel 500 1000 2.89 9 (t) e1, e2, e3, e4
Vittaria graminifolia Kaulf. 2100 3000 30.87 39 (t) dw, r, e1, e2, e3, e4, e5
Saccolomataceae
Saccoloma inaequale (Kunze) Mett. 1000 2100 12.71 21 t
Tectariaceae
Tectaria heracleifolia (Willd.) Underw. 300 600 50.63 19 t, r
Thelypteridaceae
Goniopteris biolleyi (Christ) Pic. Serm. 600 600 1.00 1 t
Goniopteris ghiesbreghtii (Linden) J. Sm. 600 600 6.00 2 t
Goniopteris hatchii (A.R.Sm.) A´. Lo¨ve &
D. Lo¨ve
1500 1500 12.50 2 t, dw
Goniopteris imbricata (Liebm.) A´. Lo¨ve &
D. Lo¨ve
500 500 3.67 6 t
Goniopteris liebmannii (Maxon & C.V.
Morton) Salino & T.E. Almeida
300 500 7.14 7 t
Goniopteris obliterata C. Presl 300 300 5.67 3 t
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highest total species richness per elevational step was 57 species at 1,500–
2,100 m and the lowest at 3,000 m with 15 species.
Within the total of 195 species we found 141 growing as terrestrials and 129
as epiphytes, whereas 75 were strictly terrestrial and 77 strictly epiphytic,
which means that 39 species were recorded within both life forms, excluding
four hemiepiphytic species. Species with double notations (as terrestrials and
epiphytes) mainly belonged to the families Dryopteridaceae, Polypodiaceae,
and Hymenophyllaceae. Both major life forms followed different trends, with
epiphytic richness per plot mostly about double of the terrestrials, and with a
pronounced hump-shaped peak, whereas terrestrials were more or less
constant up to 2,500 m and decreasing slightly at higher elevations (Fig. 3).
Epiphytic species on average had a wider elevational range and frequency
than terrestrials (elevational range of epiphytes: 510.3 6 580.8 m and
terrestrials: 222.8 6 351.9 m; Wilcoxon test, P,0.01, frequency of epiphytes:
9.61 6 10.06, both: 10.35 6 10.21 and terrestrials: 5.77 6 6.85, ANOVA, F ¼
4.8, df ¼ 2, P , 0.01).
All other transects from Bolivia, Ecuador, Costa Rica, and Mexico showed a
hump-shaped richness pattern and similar maximum richness at mid-
elevations (more or less at the same elevation). Only the transects located at
the edges of the tropical realm, in Mexico and the southernmost transect, at
Masicurı´ in Bolivia, presented lower richness values compared with Costa
Rica, Ecuador, and the other transect in Bolivia (Fig. 4, ANOVA, F¼20.27, df¼
7, P , 0.001). However, the peak of maximum richness did not decrease with
increasing latitude towards lower elevations.
DISCUSSION
With this study, we report the most detailed plot-based study on fern species
richness along a complete elevational gradient (300–3,000 m) in humid
tropical forest in Mexico. In 121 plots we found 195 species mostly belonging
to the families Polypodiaceae, Dryopteridaceae, and Hymenophyllaceae,
coinciding with other transects in Mexico (Acebey, Kro¨mer, and Kessler,
2017; Carvajal- Herna´ndez et al., 2017; Kro¨mer et al., 2013), Central and South
America (Kluge and Kessler, 2005; Mehltreter, 1995; Salazar et al., 2013). The
species recorded in this study represent 29% of the total ferns of the state of
Oaxaca in a surface of ca. 95,360 km2 and 18% of Mexico (Mickel and Smith,
2004), this in only 4.8 ha of sampling. This shows the importance of the Sierra
de Jua´rez, as a national refuge for ferns, since in this sampling area occur more
species than in larger areas as the Yucatan Peninsula (ca. 125,000 km2;
integrated for three complete states in Mexico) with only 65 species
(Ferna´ndez Carnevali et al., 2012) or the state of Tabasco (ca. 24,731 km2)
with 169 species (Carvajal-Herna´ndez et al., 2018).
The highest species numbers were recorded at mid-elevations at about
1,500–2,100 m. This hump-shaped pattern of fern richness is commonly found
in tropical mountains and has been explained by climatic factors, especially
temperature, precipitation, and fog frequency, e.g., from the Andes (Kessler,
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2001; Kro¨mer et al., 2005; Salazar et al., 2013), Central America (Watkins et al.,
2006), Asia (Bhattarai, Vetaas, and Grytnes, 2004; Grytnes and Beaman, 2006),
and Africa (Hemp, 2002). However, while species richness counts, especially
in the Neotropics, average 40–50 species in plots of the same size as in this
study, we found a considerably lower number of fern species at mid-elevations
(on average 25 species), which was comparable to nearby transects in Veracruz
(Acebey et al., 2017; Carvajal-Herna´ndez et al., 2017; Kro¨mer et al., 2013).
Higher species richness is expected in riparian and ravine zones in the Sierra
de Jua´rez, where ferns are more abundant due to humid conditions (Carvajal-
Herna´ndez and Kro¨mer, 2015; Kessler, 2010; Kluge and Kessler, 2011).
Because this study excluded these habitats, the total number of species is
likely to be somewhat higher than found here.
In evaluating life forms, we observed that the elevational hump of species
richness was mainly driven by epiphytes. Apart from the extremes at the upper
and lower ends of the gradient, this life form had twice the number of species
per plot as terrestrial taxa. This has also been reported before (Acebey, Kro¨mer
and Kessler, 2017; Kessler, 2001; Kluge and Kessler, 2005; Kro¨mer et al., 2013;
Salazar et al., 2013; Watkins et al., 2006) and seems to be a consistent tropics-
wide fern richness pattern. In our study, we additionally found that epiphytes
had a wider elevational range and were more frequent compared to terrestrial
FIG. 4. Left: Patterns of fern species richness along eight elevational transects in the Neotropics,
following the latitudinal gradient from Bolivia (-19 and-168 S) via Ecuador (~08) and Costa Rica (98
N) to Mexico: Los Tuxtlas (178 N) and Cofre de Perote (198 N), Veracruz and Sierra de Jua´rez,
Oaxaca (188 N). Trendlines were set with locally weighted regressions (LOWESS). Right: Mean plot
richness plotted against latitude. Letters above indicated significant different groups following
analysis of variance (ANOVA) and Tukey post-hoc test (P, 0.001).
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species, as also found for ferns in Bolivia (Kessler, 2002). Dispersal might play
a role in the broader distribution of epiphytes, because spores released in the
forest canopy are likely to disperse greater distances (Peck, Peck, and Farrar,
1990). Additionally, epiphytic and terrestrial niches operate at largely
different scales: whereas terrestrial microhabitats change due to, e.g., soil
nutrients, soil moisture, and topographic parameters over distances of several
dozen meters (Jones, Szyska, and Kessler, 2011; Cicuzza et al., 2013), epiphytic
niche differentiation is driven by small-scale features due to tree crown
architecture (Kro¨mer, Kessler, and Gradstein, 2007). Hence, a study plot of 400
m2 is likely to contain a wider range of epiphytic than terrestrial microhabitats
with the consequence that this plot usually contains a higher number of
epiphytes with a wider ecological variability.
Probably the most interesting result of our study is that, at least for
neotropical ferns, there appears to be no gradual downward shift in species
richness with increasing distance from the Equator, but a sudden reduction of
species richness at the transitions from the tropics to the subtropics, as already
reported by Salazar et al. (2013). The causes of this sudden reduction in fern
richness are probably related to climatic conditions but may also include a
historical and evolutionary signal related to the tropical origin of many major
fern groups (Kessler, Karger, and Kluge, 2016).
Although the regional fern diversity of humid montane forests in
southeastern Mexico is high, we found that at the local scale it is lower
compared with similar ecosystems in Costa Rica, Ecuador, and Bolivia. The
confirmation of the Mexican Biogeographic Transition Zone (MTZ) for ferns
suggests that this zone is likely a consequence of climatic factors. Colder
temperatures and especially the occurrence of frost act as climatically
limiting factors of fern distributions with increasing elevation (Bhattarai,
Vetaas, and Grytnes, 2004; Kluge, Kessler, and Dunn, 2006) and may be
limiting factors in the latitudinal distributions of ferns with increasing
distance from the Equator. Moreover, the lack of appropriate data from the
latitudinal range between Costa Rica and Mexico indicates that the change in
species richness may also either be abrupt further south or even more gradual
across Central America. Therefore, more research is needed inside of this
transition zone and in Central America to have a complete overview of the
latitudinal diversity patterns.
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Cerro Tejo´n, Paso Nuevo la
Hamaca, Valle Nacional
300 17.78685 N, 96.23103 W Rain Forest
Cerro Marin, Valle Nacional 500 17.82863 N, 96.25282 W Rain Forest
Cerro Quemado, Vega del
Sol, Jacatepec
600 17.79322 N, 96.17304 W Rain Forest
Yetla, Valle Nacional 1,000 17.72213 N, 96.3089 W Rain Forest




1,500 17.62129 N, 96.34547 W Cloud Forest
Santa Cruz Tepetotutla, San
Felipe Usila
1,800 17.71802 N, 96.5587 W Cloud Forest with
Oreomunnea mexicana
San Isidro, San Pedro Yolox 2,000 17.60485 N, 96.41625 W Monodominant
Oreomunnea Forest
Santa Cruz Tepetotutla, San
Felipe Usila
2,100 17.68011 N, 96.55075 W Cloud Forest
2,200 17.68041 N, 96.55442 W Cloud Forest
Jatianguis, Ixtla´n 2,500 17.3804 N, 96.51286 W Pine Forest
Cerro Zacate, San Pedro
Yolox
2,700 17.61111 N, 96.53198 W Oak Forest
Cerro Pelo´n, Comaltepec 2,800 17.58451 N, 96.51245 W Oak forest
Cerro Zacate, San Pedro
Yolox
2,900 17.61381 N, 96.53339 W Pine-Oak Forest
Unknown, San Pedro Yolox 3,000 17.60825 N, 96.52305 W Elfin Forest (tree line)
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